Recently, recycling endosomes have emerged as a key components required for the successful completion of cytokinesis. Furthermore, FIP3 (family of Rab11-interacting protein 3), a Rab11 GTPase-binding protein, has been implicated in targeting the recycling endosomes to the midbody of dividing cells. Previously, we have shown that FIP3/Rab11-containing endosomes associate with centrosomes until anaphase, at which time they translocate to the cleavage furrow. At telophase, FIP3/Rab11-containing endosomes move from the furrow into the midbody, and this step is required for abscission. While several other proteins were implicated in regulating FIP3 targeting to the cleavage furrow, the mechanisms regulating the dynamics of FIP3-containing endosomes during mitosis have not been defined. To identify the factors regulating FIP3 targeting to the furrow, we used a combination of siRNA (small interfering RNA) screens and proteomic analysis to identify Cyk-4/MgcRacGAP (GTPase-activating protein) and kinesin I as FIP3-binding proteins. Furthermore, kinesin I mediates the transport of FIP3-containing endosomes to the cleavage furrow. Once in the furrow, FIP3 binds to Cyk-4 as part of centralspindlin complex and accumulates at the midbody. Finally, we demonstrated that ECT2 regulates FIP3 association with the centralspindlin complex. Thus we propose that kinesin I, in concert with centralspindlin complex, plays a role in temporal and spatial regulation of endosome transport to the cleavage furrow during cytokinesis.
Review
Regulation of cytokinesis involves many different cellular pathways. In animal cells at least two distinct processes play essential roles during cytokinesis: formation and constriction of an actomyosin contractile ring and the delivery of new membranes during the ingression and abscission steps of cytokinesis [1, 2] . While we are only beginning to understand the role of membrane traffic during cytokinesis, it is evident that membrane delivery to the cleavage furrow is critical for cell division. The requirement of membrane transport to the site of division has been demonstrated in many different organisms including Xenopus laevis, Caenorhabditis elegans, as well as in Drosophila melanogaster syncitial embryos [2] [3] [4] [5] . Membrane transport during mitosis plays several roles. First, membrane delivery to the cleavage furrow promotes localized enrichment of distinct proteins and lipids. Indeed, it was reported that the cleavage furrow is enriched in phosphatidylinositol 4,5-bisphosphate and gangliosides [6, 7] . Furthermore, dynamic changes in asymmetric distribution of phosphatidylethanolamine at the furrow were also shown to be required for successful completion of cytokinesis [8] . Secondly, the division of one cell into two requires the delivery of new membrane, simply to provide the necessary surface area required for furrow ingression. Finally, the delivery and co-ordinated fusion of transport vesicles mediates abscission, the terminal step of cytokinesis that results in separation of the daughter cells.
Previous studies have identified recycling endosomes as organelles that are targeted to the cleavage furrow to provide extra membrane for cytokinesis [9] . A number of reports have demonstrated the pronounced changes in endocytic recycling during mitosis [10, 11] . For example, during metaphase and anaphase, protein and membrane recycling back to the PM (plasma membrane) is dramatically inhibited, resulting in the accumulation of endocytic organelles as well as a decrease in PM surface area [12] . In contrast, the initiation of furrow formation and ingression during telophase stimulates a rapid increase in membrane and protein recycling back to the PM, especially in the area of the cleavage furrow [13] . Interestingly, these dynamic changes in the rates of endocytic recycling and in the surface area of the PM seem to be required for the successful completion of cytokinesis [13] . Consistent with this, the inhibition of specific endocytic recycling-regulating proteins, such as dynamin, α-adaptin, syntaxin 1, syntaxin 2 and VAMP8 (vesicle-associated membrane protein 8) result in cytokinesis block [4, [14] [15] [16] .
Since significant data supports that targeting of recycling endosomes to the cleavage furrow is required for cytokinesis, much effort has been invested in identifying the machinery that temporally and spatially regulates endocytic traffic during cell division. Previous studies have shown that endosomes containing Rab11, a small monomeric GTPase known to regulate recycling endosomes, accumulate around centrosomes during metaphase and anaphase and move to the furrow and the midbody at late telophase [9, 17] . The inhibition of Rab11, which results in a block of cytokinesis in mammalian, C. elegans and D. melanogaster cells, produces a defect that appears to result from the inability of recycling endosomes to be targeted to the cleavage furrow [4, 18] . Thus it was proposed that Rab11 GTPase regulates transport and targeting of recycling endosomes to the cleavage furrow [9, 18] . As with all GTPases, Rab11 functions by cycling between GTP-and GDP-bound forms. GTP-bound (active) Rab11 then recruits various effector proteins to the endocytic membranes [17] . Several years ago, we and others identified novel FIPs (family of Rab11-interacting proteins), which all share a highly conserved, 20-amino-acid motif at the C-terminus of protein, known as a RBD (Rab11-binding domain) (Figure 1 , [19] [20] [21] [22] ). Rab11-FIP3 (Rab11-binding FIP3, hereafter FIP3) belongs to the class II FIPs and was previously shown to be required for the abscission step of cytokinesis [17, 23] . Consistent with this finding, the FIP3 homologue in D. melanogaster, known as Nuf (nuclear fallout), was also shown to regulate membrane addition to the cleavage furrow during cellularization. Syncytial D. melanogaster embryos, deficient in Nuf, failed to add sufficient membrane to the actively ingressing furrows to complete cellularization [5] . In addition to Rab11, FIP3 also binds to Arf6, another GTPase that is targeted to the cleavage furrow and is implicated in regulating cytokinesis [9] . Although the role of Arf6 in cell division remains unclear, it was suggested that Arf6 may regulate endosome targeting to the furrow [24, 25] . Collectively, these and other studies provide compelling support for the role of FIP3 in regulating the targeting of recycling endosomes to the cleavage furrow.
Since the transport of recycling endosomes to the cleavage furrow is a tightly controlled event, it is expected that endosomal transport during mitosis is regulated by multiple transport and tethering proteins [9, 17, 24] . Our previous studies suggested that midzone microtubules are involved in transport of Rab11/FIP3-containing endosomes to the cleavage furrow [17, 24] . To support these results, an siRNA (small interfering RNA) screen of kinesin molecular motors have identified kinesin I as the microtubule motor that mediates transport of recycling endosomes during mitosis (M. Pawlus and R. Prekeris, unpublished work). Consistent with this, we have shown that kinesin I co-imunoprecipitates with Rab11/FIP3 protein complex. Depletion of kinesin I blocks the delivery of FIP3 to the furrow, and as consequence results in the inhibition of cytokinesis (M. Pawlus and R. Prekeris, unpublished work).
While kinesin I mediates the transport of Rab11/FIP3-containing endosomes along midzone microtubules, other factors are expected to tether the endosomes to the midbody. Several reports have shown that recycling endosomes accumulate at the midbody at late telophase, the step that appears to be required for abscission [17, 24] . Recently Cyk-4/MgcRacGAP (GTPase-activating protein) was identified as a putative FIP3-interacting protein (G.C. Simon and R. Prekeris, unpublished work). Cyk-4 is a member of a centralspindlin protein complex that accumulates at the midzone during cytokinesis and regulates the formation and initiation of actomyosin ring contraction [26] [27] [28] . Centralspindlin works by recruiting the RhoA GEF (guanine-nucleotideexchange factor) ECT2 to the midzone at early anaphase. Recruitment of ECT2 to the midzone in early anaphase was shown to activate RhoA GTPase, thus regulating actomyosin ring formation and contraction [29] [30] [31] . At late telophase, ECT2 is removed from the centralspindlin complex and sequestered in the nucleus, the step that is required for the disassembly of the actomyosin ring and the final separation of daughter cells [32] . While the exact mechanism of ECT2 re-localization at late telophase is not fully understood, it seems to depend, at least in part, on reformation of the nucleus [32] . Consistent with this, previous work has shown that mutation of nuclear localization signal in ECT2 results in accumulation of ECT2 at the midbody during late telophase and consequently inhibiton of abscission [32] . This provides an important regulatory mechanism for complete nuclear segregation before the separation of daughter cells. In addition, we have shown that ECT2 and FIP3 compete for interaction with Cyk-4 (G.C. Simon and R. Prekeris, unpublished work). Thus we propose that the removal of ECT2 from the centralspindlin complex at late telophase is required for the recruitment of FIP3/Rab11-containing endosomes to the midbody. As a result, the sequential interaction of centralspindlin with ECT2 and FIP3 may serve as means of temporal regulation of actomyosin ring contraction and endosome-dependent abscission steps during cytokinesis.
In summary, our data show that in addition to regulating actomyosin ring contraction, centralspindlin also appears to regulate the tethering of recycling endosomes to the midbody at late telophase. In addition to centralspindlin, other proteins are also implicated in regulating targeting of recycling endosomes to the cleavage furrow. Results from several labs have shown that the exocyst complex is required for the targeting of post-Golgi secretory vesicles as well as endosomes to the furrow [24, 33] . The exocyst is a multiprotein complex that consists of Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84 subunits [34] . Interestingly, Sec15 binds to Rab11, while Sec10 was shown to interact with Arf6 [24] . Since Rab11 and Arf6 also bind to FIP3, it is tempting to speculate that the exocyst complex may also regulate FIP3 targeting to the furrow (Figure 2 ). Consistent with this hypothesis, the exocyst complex was shown to coimunoprecipitate with FIP3 and depletion of the exocyst complex subunits by siRNA inhibits the abscission step of cytokinesis [24] . In addition to FIP3, several other proteins were also shown to regulate endocytic recruitment to the furrow. RalA, another small monomeric GTPase, has been implicated in endosomal targeting by binding to Sec5 and Exo84 subunits of exocyst complex [35, 36] . Furthermore, the endocytic SNARE (soluble N-ethylmaleimide-sensitive fusion protein-attachment protein receptor) VAMP8 was shown to bind to snapin and the centriolin complex, which are also localized to the midbody at late telophase ( Figure 2 ) [16] . What is the function of the multiple endocytic-tethering factors? While the contributions of all of these interactions in targeting the recycling endosomes to the cleavage furrow remain to be fully understood, it is likely that these multiple interactions work as 'belt and braces' to ensure the specificity of membrane targeting. Indeed, while exocyst and snapin are enriched at the cleavage furrow, they are also present at other subcellular compartments, thus they alone cannot ensure the specificity of endosome targeting to the midbody. Thus FIP3 and Cyk4 binding may be required to ensure the specificity of recycling endosome targeting to the midbody. In contrast, kinesin I, the exocyst complex and centriolin, in combination with ECT2, may ensure the timing of recycling endosome transport and accumulation at the furrow. As a result, combinatorial interactions between multiple protein complexes may be required for the temporal and spacial regulation of endocytic transport during cytokinesis.
